In mammalian species, acquisition of sperm fertilization competence is dependent on the phenomenon of sperm capacitation. One of the key elements of capacitation is protein tyrosine phosphorylation (TP) in various sperm membrane regions. In previous studies performed, the pattern of TP was examined in human sperm bound to zona pellucida of oocytes. In the present comparative study, TP patterns upon sperm binding to the zona pellucida or hyaluronic acid (HA) were investigated in spermatozoa arising from the same semen samples. Tyrosine phosphorylation, visualized by immunofluorescence, was localized within the acrosomal cap, equatorial head region, neck, and the principal piece. Tyrosine phosphorylation has increased in a time-related manner as capacitation progressed, and the phosphorylation pattern was identical within the principal piece and neck, regardless of the sperm bound to the zona pellucida or HA. Thus, the data demonstrated that the patterns of sperm activation-related TP were similar regardless of the spermatozoa bound to zona pellucida or HA. Further, sperm with incomplete development, as detected by excess cytoplasmic retention, failed to exhibit TP.
Introduction
Mammalian spermatozoa will undergo capacitation in order to acquire the ability for oocyte fertilization. 1 Capacitation is a complex event that in part occurs in situ within the female reproductive tract and is associated with several sperm cellular changes, including increases in intracellular calcium, chloride ions, and cyclic adenosine monophosphate levels, efflux of cholesterol, and changes in protein kinase and phosphatase activities. [2] [3] [4] [5] [6] [7] [8] [9] [10] Recently, it has also been shown that 2 sialidases on mammalian sperm are shed from sperm during capacitation and might play a role in the sperm binding to the zona pellucida of the ovum. 11 Therefore, several in vitro protocols for assessing capacitation and acrosome reaction of human spermatozoa have been developed. 12 Indeed, an increase in tyrosine phosphorylation (TP) of sperm membrane proteins was shown to be an essential element of sperm capacitation. 13, 14 Capacitation-associated changes in sperm has been demonstrated in several species. 10, [14] [15] [16] [17] [18] Immunofluorescence studies of capacitated sperm showed the localization of tyrosine phosphorylated proteins in the flagellum of sperm, particularly in those cells participating in zona pellucida binding, oolemma binding, and gamete fusion. 19 Characteristic patterns of TP in the flagellum and neck were observed upon binding to zonae pellucidae. 20 Tyrosine phosphorylated sperm proteins in the flagellum are linked to hyperactivated motility. 21 Hyperactivated motility and the associated TP in the flagellum are initiated during in vitro capacitation, and their maintenance in zona pellucida-bound spermatozoa is of importance. 22 Therefore, although the role of TP in capacitation is unclear, the level of TP in human sperm is strongly related to the sperm-zonabinding capacity, 23 and changes in TP has been detected in subfertile patients, 24 indicating its physiological role in fertilization.
In human sperm, creatine kinase (creatine phosphokinase, CK) is a marker of cytoplasmic retention and, thus, arrested sperm cellular maturation\development. 25, 26 Our earlier studies showed that in line with cytoplasmic extrusion, there is also a spermiogenetic sperm plasma membrane remodeling that facilitates the formation of zona pellucida-and hyaluronic acid (HA)binding sites during spermiogenesis. 27, 28 Sperm with arrested spermiogenesis fails to bind to the zona pellucida and HA. Apparently, the lack of sperm membrane remodeling affects the formation of the binding sites for both the zona pellucida and the HA. The HA-bound sperm also exhibits other attributes of normal sperm development, such as lack of cytoplasmic retention, lack of persistent histones, and high levels of DNA chain integrity. 29 Further, HA-bound sperm is enriched in the sperm of Tygerberg normal morphology; in addition, the frequencies of chromosomal aneuploidies in HA-bound spermatozoa are within the normal range, regardless of their frequencies in the original semen sperm fractions. 30, 31 It was demonstrated that HA-bound sperm showed almost exclusive presence of green acridine orange fluorescence, reflecting high DNA integrity compared to their respective semen fractions. 32 In the past few years, the sperm HA-binding assessment in the Andrology Laboratory, and the intracytoplasmic sperm injection sperm selection device, the so-called PICSI dish (an in vitro fertilization Petri dish that carries an HA spot), has been increasingly accepted and used worldwide with excellent results in pregnancy rates and decline in early miscarriages. 33, 34 In the present study, we examined the changes occurring in human sperm TP in relation to the interaction between sperm and HA. Earlier, Sakkas et al investigated the TP patterns in capacitated and zona pellucida-bound sperm fractions. 20 We have now examined various sperm regions for the pattern of phosphorylations in order to compare TP associated with the binding to HA or zona pellucida. Further, we examined the pattern of TP in mature developed sperm and in sperm with arrested maturation, as evidenced by surplus cytoplasmic retention. In overview, we have observed the sperm response to binding to zona pellucida or HA in three paradigms: (1) compared the pattern of TP in response to binding to the zona pellucida or HA in spermatozoa arising from the same semen sample; (2) compared to the phosphorylation patterns in response to zona pellucida in our hands and in the previous report by Sakkas et al 20 ; and (3) we also followed the rate of phosphorylation in normally developed sperm versus in sperm with arrested development/maturation, as detected by the presence of surplus cytoplasmic retention.
Materials and Methods

Sperm Preparation
The leftover de-identified semen samples after the routine semen analyses were studied. Samples were collected by masturbation after 2 days of abstinence and were allowed to liquefy for 60 minutes. Sperm concentration and motility were assessed using computer-assisted semen analysis (Hamilton Thorne Research, Beverly, Massachusetts).
We studied the semen of 32 men (sperm concentrations: 64.2 + 8.3 Â 10 6 sperm/mL [min-max: 20-164], sperm motility 48.2 + 3.4% [min-max: 30%-85%]). Of 32 men, 16 were used for the comparison of TP pattern in zona pellucida-bound and HA-bound sperm. Besides, the sample number expanded for the maturity studies (n ¼ 13; sperm concentrations: 37.8 + 6.2 Â 10 6 sperm/mL, motility: 50.9% + 4.1%; n ¼ 13, not included with the other 32 study participants). Sperm was layered on a 45%/ 85% Isolate gradient (Irvine Scientific, Santa Ana, California) and centrifuged at 500g for 20 minutes. After resuspending the sperm pellet in human tubal fluid (HTF) medium (Irvine Sci, Irvine, California) containing 0.5% bovine serum albumin (BSA), an aliquot of 7 mL of the sperm suspension was smeared on glass slides and were fixed with 3.7% formaldehyde in phosphate buffer/sucrose (PB-suc) for 20 minutes at room temperature (noncapacitated sperm). This formaldehyde fixation methodology was employed in all experiments. Of the remaining sperm suspension, one aliquot was kept for the preparation of zona-and HA-bound sperm fractions, and the other part was diluted in HTF medium for study of capacitation and detection of phosphotyrosine. Sperm suspensions in HTF were incubated for 4 hours after the initial preparation at 37 C in 5% CO 2 and fixed with formaldehyde (capacitated sperm). All studies were approved by the Human Investigation Committee, Yale School of Medicine.
Preparation and Study of HA-Bound Sperm Fractions
For the study of the HA-bound sperm, we applied 7-mL aliquots (approximately 0.5 Â 10 6 motile sperm/mL) of the purified sperm suspension to the HA-coated surfaces of the sperm-HA-binding slides (HBA, Midatlantic Scientific, now Origio Co, Mount Laurel, New Jersey). The HA-bound sperm were recognized by the lack of progressive motility and by the characteristic sharp increase in tail cross-beat frequency. Some sperm did not exhibit HA-binding ability, most likely due to impaired/arrested spermatogenesis and spermiogenesis and thus lack of HA receptors, have failed to ''perceive'' the HA, and did not bind. 28, 29 Nonmotile sperm and sperm that do not exhibit the characteristic higher tail cross-beat frequency were not considered as HA-bound spermatozoa.
The sperm and the HA-coated slides (HBA slides) were observed for 10 minutes in a humidity chamber, and the unbound sperm were removed by slightly tilting the slides and applying HTF with a gentle drop-by-drop rinsing. 29 The HA-selected bound sperm fraction was then air-dried and fixed with formaldehyde.
Preparation and Study of Spermatozoa Bound to Human Zonae Pellucidae
Zonae pellucidae of prophase 1 human oocytes that originated in postmortem ovarian tissue were obtained from Dr Denny Franken (Stellenbosch University, South Africa). These oocytes had no embryonic developmental potential following storage at 4 C in a Hepes buffer containing magnesium chloride and polyvinylpyrrolidone. 35 Oocytes were washed in phosphate-buffered saline (PBS) and 5% BSA before use. Sperm were prepared as described earlier and capacitated for 4 hours in HTF medium at 37 C. From this suspension, different aliquots were used for preparation of HA-bound fraction, smeared to regular glass slide, and after fixation the phosphotyrosine patterns of capacitated sperm were determined prior to zona pellucida binding. After 4 hours of incubation, an aliquot of sperm suspension (0.5 Â 10 6 motile sperm/mL) was added to droplets containing zona pellucida under oil. The zonae were then incubated for 3 hours with the sperm. The sperm loosely attached to the zonae pellucidae were removed by minimal pipetting, and the spermhemizona complexes were fixed with formaldehyde. 36 After fixation, the sperm-hemizona complexes were washed in PBS and 5% BSA and incubated in 20 mL of propidium iodide (1 mg/mL; Sigma-Aldrich, St Louis, Missouri) for 10 minutes at room temperature. The sperm-hemizona complexes were gently washed and mounted on a slide prior to observation. The hemizonae protocol was performed by making minor modifications to the published protocol of Burkman et al. 36 Therefore, the control incubation with matching hemizone was not used, since the aim was not to compare the fertilization capacity of sperm samples. 36 
Detection of TP by Immunofluoresence
Sperm from noncapacitated, capacitated, HA-bound, and zonabound fractions were fixed with formaldehyde. After removal of the formalin, the slide was allowed to air-dry. Following 3 washing steps with PB-suc, the spermatozoa were exposed to a blocking solution of 3% BSA for 1 hour. In order to highlight the phoshotyrosine residues, the slides were incubated with a 1:100 dilution of monoclonal antiphosphotyrosine mouse antibody (clone 4G10, Millipore, Billerica, Massachusetts) overnight at 4 C. After more PB-suc washes, the slides were processed with a biotinylated secondary antibody at a 1:1000 dilution. Further, the slides were exposed to fluorescein isothiocyanate (FITC)-labeled avidin for 30 minutes. The specificity of the staining was established by using preimmune serum in place of the first antibody or by applying the second antibody only. Sperm were then examined under a fluorescence microscope using a Â100 objective. On each study slide, 200 sperm cells were evaluated, and the percentages of different expression patterns were compared between the slides from 0, 1, and 4 hours of incubation.
Double Labeling for Phosphotyrosine and CK
In order to visualize the simultaneous presence of phosphotyrosine and cytoplasmic retention characterizing sperm with arrested development, double immunolabeling for phosphotyrosine residues and CK (representing the presence of excess cytoplasm) was performed in the sperm suspension and in the HA-bound sperm fraction at the 0 and 4 hours. For CK immunostaining, fixed sperm cells were incubated with a 3% BSA (blocking solution) in PB-suc at room temperature. After washing with PB-suc, the sperm were exposed to a 1:1000 dilution of polyclonal anti-CK-B antiserum (Chemicon Co, Temecula, California) overnight at 4 C. After further PB-suc washes, the slides were processed with FITC-labeled anti-goat secondary antibody at a 1:500 dilution. After this step, the slides were incubated overnight at 4 C with a monoclonal antiphosphotyrosine mouse antibody. The phosphotyrosine immunoreaction was detected by using a biotinylated antimouse secondary antibody (Vector Laboratories, Burlingame, California) at a 1:1000 dilution and a 1:200 dilution of rhodamine-labeled avidin (Vector Laboratories).
Statistics
Data analysis was carried out with Sigma-Stat 3.5 program (Jandel Corporation, San Rafael, California). The differences between initial, HA-bound, and zona-bound sperm fractions and also between the various TP patterns following various incubation times were compared by the student t test. The data are presented as mean + standard error of the mean.
Results
Initiation of Sperm Capacitation and Localization of Phosphorylated Tyrosine Residues in Human Sperm
In the 32 men, we studied the variation in regional localization of phosphotyrosine in noncapacitated and capacitated human spermatozoa. The phosphorylated tyrosine residues were localized in the regions of (1) the acrosomal cap; (2) the equatorial segment; (3) the combined principal piece plus acrosomal region; (4) the principal piece plus equatorial segment; and (5) the principal piece plus neck region (Figure 1 ). The phosphotyrosine immunoreaction in the neck region was seen together with principal piece staining, but the equatorial region and acrosomal region were not always associated with principal piece staining. We compared the phosphotyrosine expression patterns during the 0, 1, and 4 hours of incubation and found that there were time-dependent changes in expression patterns shown by their varied percentages. It is of interest that a minor population of human spermatozoa showed tyrosine phosphorylation in the acrosomal cap and the equatorial region only ( Figure 1H ).
The extent of phosphotyrosine significantly increased with time during the 0, 1, and 4 hours of incubation. Major phosphotyrosine changes were observed in the principal piece and the neck region of the mature sperm ( Figure 1H and Figure 2 ). If the incubation time of the sperm was extended longer than 4 hours, the pattern and proportion of the phosphotyrosine did not change substantially in any of the 3 sperm groups observed (nonstaining, principal piece, principal piece and neck region). The proportion of sperm with principal piece and principal piece plus neck phosphorylation was significantly higher in the capacitated sperm fractions (P < .05; Figure 1H ).
We also established that the phosphotyrosine reaction initiates at the tip of the sperm tail and propagates through the neck during capacitation (0, 1, and 4 hours; Figure 2 ). In some sperm, the reaction did not change substantially in the head region, but the tail changes were always distinguishable ( Figure 2 ).
There was also variability among patients with respect to the TP in the initial semen-originated and HA-selected/-bound sperm fractions. However, the immunoreaction at the tip of the tail, acrosome, and neck regions was observed in at least 50% to 70% of the each sample studied.
Characteristics of TP Pattern in Sperm Bound to the Zona Pellucida
In order to determine the TP patterns of sperm bound to zonae pellucidae, 5 zona-binding experiments were performed (Figure 3) . The phosphotyrosine was localized to principal piece, principal piece and neck regions, acrosomal cap region, and equatorial head region of the spermatozoa. When comparing capacitated human sperm incubated for 4 hours in suspension and in sperm bound to the zonae pellucidae, there was a significant increase (P < .05) in phosphorylation of zona pellucida-bound sperm, with phosphotyrosine residues localized to the neck and the principal piece ( Figure 4C ). Moreover, a lower proportion of sperm showed acrosomal and equatorial staining whether they were or were not associated with a phosphorylated principal piece.
Overall, there was a significant difference in the proportion of zona pellucida-bound sperm with positive phosphotyrosine response localized to the neck and the principal piece of the capacitated sperm compared to phosphotyrosine levels prior to the zona pellucida binding step (Figure 3 and Figure 4C ). Although some variations were observed in different experiments, the number of the sperm showing a positive principal piece as well as principal piece and neck staining was always higher.
Thus, our TP findings in sperm bound to zona pellucida agree with those of Sakkas et al, 20 and sperm bound to zona pellucida exhibited TP staining within the neck and principal piece, the acrosomal cap, and the equatorial region of the sperm head. 
Comparative Study of TP Patterns in Spermatozoa Bound to Zonae Pellucidae or HA
In order to verify whether the TP immunostaining pattern is similar in zona pellucida-and HA-bound sperm fractions, 16 zona pellucida-and HA-binding experiments were performed. We used the sperm-HA-binding slides (HBA test), as described previously. 29, 31, 32 Also, we compared the TP patterns in zona pellucida-bound and HA-bound spermatozoa originating within the same semen samples. The TP pattern in zonabound and HA-bound sperm was similar (Figure 4 and 4C) . The majority of sperm that are bound to HA have TP reaction on the principal piece and neck region, as described in the present study and in an earlier report for hemizona-bound spermatozoa. 20 Moreover, the proportion of principal piece and neck region staining was similar in both the zona pellucidabound and the HA-bound sperm fractions (24.5% + 5.4% and 30.3% + 5.3%, nonstaining; Figure 4C ).
Although some variations was evident in some of the individual patterns obtained in different experiments (3 of the 16 patients), there were consistent increases with respect to principal piece plus neck region staining in both HA-bound and zona-bound sperm fractions compared to capacitated sperm incubated for 4 hours in suspension (P < .05, N ¼ 16; Figure 4C ).
Sperm Maturity and TP
In line with the previous studies, directed to the functional attribute differences in semen spermatozoa, we examined the sperm fraction originating in the HA-bound sperm fractions that underwent plasma membrane remodeling in 13 men. The question addressed whether or not there is a relationship between sperm with diminished cellular maturity/development as indicated by the presence of surplus cytoplasm and the response with TP during the capacitation process. In order to accomplish this, we double labeled the initial semen sperm and their respective HAbound fractions with both CK and phosphotyrosine markers ( Figure 5 ). Four sperm-staining patterns were categorized: only CK positive, only phosphotyrosine positive, both CK and phosphotyrosine positive, or lack of staining with either ( Figure 5 ).
The spermatozoa stained light, intermediate, or dark with CK (reflecting the degree of cytoplasmic retention, thus arrested development) represent spermatozoa that show full development, intermediate development, or arrested development, respectively. 37 Among the double-stained sperm, CK-and phosphotyrosine-labeled sperm was present only in diminished proportions, showing that immature sperm with CK staining surplus cytoplasmic retention exhibit limited TP ( Figure G) . However, the HA-bound sperm fractions that completed membrane remodeling showed very small number of CK-positive sperm along with a high proportion of sperm with extensive TP. After 4 hours, the rate of double-labeled sperm remained unchanged, although there was an increasing proportion of sperm with TP staining only.
Discussion
In the present study, we confirmed the previous observations that the levels of capacitation-related TP have increased in a time-related manner in the various regions of human sperm. For the first time, we showed that the extent of TP in the sperm neck and principal piece, a pattern that is a marker of sperm activation, increases in a time-related manner following sperm-HA-binding and sperm-HA interaction, similar to sperm that are bound to human zona pellucida. Furthermore, due to the common origin of spermiogenetic plasma membrane remodeling and formation of the respective receptors for both the zona pellucida-and the HA-binding sites, 29, 31, 38 the sperm TP pattern changes were similar in the zona pellucida-bound and HA-bound sperm fractions (Figure 4 ). The proportion of TP in arrested maturity sperm with cytoplasmic retention was diminished. Conversely, the zona pellucida-and HA-bound mature sperm showed the highest degree of TP ( Figure G) .
Various membrane regions of human spermatozoa, in line with the changes in the physiological state and sperm activation, undergo TP during both capacitation and binding to the zona pellucida or HA. We report, as observed previously by others, within the zona pellucida-bound spermatozoa, that the tyrosine-phosphorylated proteins were localized mainly in the principal piece of human sperm. 20, 39, 40 It has been postulated that TP in the principal piece is related to hyperactivated motility, a motility pattern exhibited in association with the penetration of the cumulus oophorus and the zona pellucida of oocyte leading to fertilization. 21 The proteins subjected to TP that affect sperm motility include structural components of the flagellum, the A-kinase-anchoring proteins (AKAPs); however, the precise complement of proteins phosphorylated during capacitation is not yet identified in men and in other species, such as rodents, but likely include signaling molecules, chaperone-like proteins, glycolytic enzymes, and also a protein that participates in transcriptional regulation. 41 The a and b tubulins in the sperm tail were also found subjected to TP. 42 Recently, Grizard et al have shown that adhesion of prostasomes, vesicles present in human semen, also known to be important in male fertility, to spermatozoa could negatively affect TP. 43 The primary increase in the level of TP, following binding to zonae pellucidae or HA, occurred in the sperm neck region. Binding to the zona pellucida or HA, in addition to the increase in principal piece phosphorylation, further promoted TP in the sperm neck. This finding further supports that zonae pellucidae and hyaluronic acid elicit similar changes in the pattern of TP in the respective bound spermatozoa.
Various studies indicated that human sperm bound to HA exhibit attributes similar to that of zona pellucida-bound sperm, including lack of cytoplasmic retention and persistent histones, high DNA integrity shown with DNA in situ nick translation or with acridine orange fluorescence, 31, 32 and improvement in the proportion of sperm with Tygerberg normal morphology. 31, 38, 44 Indeed, in the present study, we report similarities in TP in sperm bound to the zona pellucida or HA. 20 Additionally, HA-bound sperm displayed the highest proportion of TP in contrast to sperm with arrested development and cytoplasmic retention, as detected by the presence of surplus CK.
In a previous study, a tyrosine kinase receptor was localized to the surface of the acrosomal cap in human sperm that exhibited TP following binding to the zonae pellucidae. 45 In addition, inhibition of TP prevented the occurrence of acrosome reaction. This suggests the necessity of TP step for the zona pellucida-induced acrosome reaction. [46] [47] [48] It has also been suggested that head TP is a subsurface event that occurs early during capacitation. 49 In contrast to TP in the flagellum, we did not find the proportion of spermatozoa displaying TP in the acrosomal region to have increased with the process of capacitation. Recent findings on the roles of protein TP in many spermrelated processes (from spermatogenesis to epididymal maturation, capacitation, acrosomal exocytosis, and fertilization) are also summarized by Ijiri et al. 50 It is of note that approximately 50% of spermatozoa failed to undergo phosphorylation after capacitation, suggesting that various subpopulations of spermatozoa may exhibit different degrees of responsiveness regarding TP upon interaction with the zona pellucida or HA. The possibility that the spermatozoa that exhibit a higher phosphorylation ability have a competitive advantage in the fertilization process remains to be elucidated. The findings of the present report may have implications for certain types of male subfertility/infertility, as unresponsive spermatozoa in an ejaculate, which fail to progress with the physiological sequence of phosphorylation and capacitation, are likely to show diminished oocyte binding, thus fertilizing potential. 24 In conclusion, the current data, in agreement with previous findings, showed that various regions of human spermatozoa undergo a specific TP during both capacitation and the binding process regardless of zona pellucida or HA. Based on the similarity in phophorylation patterns of sperm bound either to zona pellucida or to HA, we suggest that there is a common regulatory pathway of TP related to sperm ability. We believe that such regulatory pathway originated in the synchronous formation of the zona pellucida and HA receptors in the sperm plasma membrane following the remodeling process related to the progress of spermiogenesis.
